Abstract: This contribution presents the molecular approach used to investigate the different preparation steps of important catalytic systems, based on Mo, Ni, and Co. The first preparation step consists of impregnating oxide supports by aqueous solutions of transition-metal complexes (TMCs), called precursor complexes, and involves the liquid-solid (wet) interface. The following steps consist of thermal activation treatments, involving the gas-solid (dry) interface. The molecular approach is based on (i) the use of the TMC to monitor and probe the nature of its own interactions with the oxide support, (ii) the selection of the most appropriate techniques to monitor such interactions, and (iii) the design of experiments to identify and isolate the key parameters controlling the "TMC-oxide support" interactions.
INTRODUCTION
Supported catalysts constitute the most important class of catalytic systems not only because of their economic importance [1] , but also because of the variety of reactions they are able to promote [2, 3] . Several strategies exist to design and synthesize such catalysts, and Thomas has reviewed one of them, the integrated strategy, for active site engineering in micro-and mesoporous solids [4] . When large quantities of catalyst are required, some strategies, however, become difficult or impossible to apply. The present lecture concerns such types of catalysts, particularly oxide-supported ones, produced at the industrial scale from conventional oxides such as alumina, silica, zeolites, etc., using water-soluble molecular complexes as precursors of the catalytically active phase. The preparation of catalysts involves several stages, called unit operations in the industry [5] or preparation steps in the laboratory, such as impregnation, elimination of the solvent, drying, calcination, and reduction. Industry and laboratory procedures can be the same; however, they differ by the quantities of catalysts prepared, typically on the order of tons for industry and grams for the laboratory.
A given sequence of preparation steps, together with the catalytic reaction, constitute the catalyst history [6, 7] . The latter can be divided essentially into three parts, the first involving the liquid-solid or wet interface with deposition of the active component precursor in a divided form on the support, the second involving the gas-solid or dry interface with transformation of the precursor into the required catalytically active phase, and the third, also involving the dry interface, with the catalytic reaction itself [8] .
In oxide-supported catalysts, active sites are difficult to characterize because they are located at the frontiers of two or three phases (solid catalyst, on one hand, and liquid and/or gas, on the other hand), where the structure is ill-defined and where techniques and theories do not always apply easily. In contrast with molecular chemistry and the help given by X-ray diffraction (XRD) on well-defined single crystals, it is a whole set of techniques which must be chosen properly to provide us with the information required before proposing a possible formula or structure for the species interacting with the surface.
In order to study catalyst preparation, we have developed the following approach [6, 7] based on: (i) the use of transition-metal complexes (TMCs) to monitor and probe the nature of their own interactions with the oxide support; (ii) the selection of the most appropriate techniques to monitor such interactions, both at the macroscopic and molecular levels; and (iii) the design of experiments to identify and isolate the key parameters controlling the "precursor metal complex-support" interactions.
Within this context, the present contribution will focus on the use of physical techniques to study supported catalysts at different preparation steps and at the macroscopic and molecular levels. Typical examples of systems based on Mo, Ni, and Co will be presented, showing that the combination of selected techniques can lead to a much improved description at the molecular level of the transition-metal speciation-being understood as the distribution of the element among various defined chemical compounds in these important catalytic systems [9] .
MOLYBDENUM SPECIATION IN SUPPORTED Mo CATALYSTS: A COMPARISON OF RAMAN AND EXAFS
Raman spectroscopy and extended X-ray absorption fine structure (EXAFS) are among the most employed spectroscopic techniques for a molecular-scale characterization of heterogeneous catalyst preparation and have led to many review papers (e.g., [10] [11] [12] [13] [14] [15] for Raman and [16] [17] [18] as well as two special issues in Topics in Catalysis: 10(3, 4) 2000 and 18(1,2) 2002 for EXAFS).
However, it is now well recognized [19] that an accurate description of catalytic materials during their preparation, activation, and operation (catalytic reaction) requires measurements in realistic conditions (in situ) with the ultimate goal of combining two or more spectroscopic techniques in order to obtain structure-reactivity relationships. Hence, more and more studies are directed toward the combined use of characterization techniques, i.e., simultaneously on the same materials in the same environment with the benefit of avoiding experimental differences (temperature, sample preparation and conditioning, dead space volumes…) that may prevent correlation between separate spectroscopic and catalytic measurements. At present, up to three different techniques have been combined on the same reactor [20] . Nevertheless, one may legitimately wonder whether the combination of techniques, despite being technically challenging, is always scientifically relevant. This question is particularly appropriate when one refers to the combination of Raman and EXAFS. Indeed, despite relying on very different physical principles, both techniques have very similar potentials in determining the coordination, oxidation state, as well as dispersion of a given element [19] . The aim of this section is to use selected examples (alumina-and silica-alumina-supported Mo catalysts, which are used at the industrial scale for It is more interesting to focus on the second shell, which includes Mo and Al atoms in this case. A good fit is only obtained with a Mo-Al distance substantially longer than the crystallographic one. It is interesting to note that the same conclusion was drawn by Plazenet et al. [30] for AlMo 6 . However, it is worth pointing out that the addition of one Al atom is statistically dubious if the crystallographic structure was unknown. As an example, the EXAFS signal obtained by Fourier-filtering the second shell (∆R = 2.3-3.7 Å) of Fig. 1a is compared with the fitted signal obtained by considering two Mo neighbors only (Fig. 1c) . A very good agreement is obtained in this case, and the addition of one Al atom does not improve the quality of the fit. This result can easily be explained by the overwhelming signal arising from two Mo atoms, which are strong back-scattering elements. The FT for AHM (Fig. 1b) strongly differs from that of AlMo 6 . It is interesting to note that the relative intensities of the peaks corresponding to the Mo-O shells are quite different from those present in AlMo 6 . However, both entities are made of Mo octahedra with similar Mo-O distances (spanning ca. 1.7-2.3 Å). Hence, it is clear that subtle changes in the geometry may lead to drastic changes in EXAFS spectra explained in terms of destructive interferences between signals arising from different shells. Hence, it is again clear that a precise quantification of the number of O neighbors will be most difficult for ill-defined compounds such as supported catalysts. The second shell (Mo-Mo) shows two maxima with a shoulder on the first peak. This complex pattern can be explained by the existence of three different types of Mo atoms in AHM with four different Mo-Mo distances (from 3.19 to 3.43 Å) [31] . It is shown in Fig. 1d that this second shell can be very satisfactorily fitted (Fig. 1d and Table 1 ) with two contributions only with an average coordination number of 1.7 for both types of Mo in agreement with the molecular structure of AHM [31] .
Hence, both polyoxoanions appear to be easily discriminated by EXAFS by careful analysis of the second shell.
Raman spectroscopy Polyoxomolybdic compounds show predominant Raman bands above ca. 900 cm -1 assigned to symmetric and antisymmetric stretching modes of terminal Mo=O bonds and below 400 cm -1 to bending modes [14] . Accordingly, the Raman spectrum of AHM (Fig. 2a) shows one intense peak at 936 cm -1 along with a doublet centered at 887 cm -1 and one weaker band in the bending region at 364 cm -1 in agreement with published data [14] . The resolution of the spectrum is lower in the liquid state ( Fig. 2b ) with a shift of about 10 cm -1 toward higher wavenumbers of the high-frequency bands. This shift may result from the loss of intermolecular bonds between AHM molecules through ammonium cations and water molecules in the solid state. The liquid-state spectrum is thus probably more representative of the situation encountered in supported catalysts where dispersed molecular entities do not interact with each other. The Raman spectrum of [AlMo 6 ] is presented in Fig. 2d and shows four main bands at 357, 573, 900, and 946 cm -1 in agreement with published data [22, 32] . Based on the work by Le Bihan et al. [32] , the band at 573 cm -1 is not assigned to a pure Mo-O vibration, but rather to the Al-O stretching mode. In line with data for AHM, the position of the high-frequency bands are shifted toward higher wavenumbers for solutions (950 and 910 cm -1 ), while the Al-O vibration is shifted toward lower wavenumbers at 565 cm -1 [33] . 
Mo/Al 2 O 3 catalysts
Raman spectroscopy The spectroscopic characterization of supported catalysts by comparison with spectra obtained on reference compounds is rarely straightforward. Indeed, an obvious complication arises from the large width of bands obtained after deposition of TMCs on an oxide surface leading to ill-defined species. Hence, the spectroscopic signatures of different reference compounds have to be fairly different in order to be used as fingerprints. As a consequence, it is usually extremely difficult to distinguish closely similar polyoxomolybdate species with Raman spectroscopy. Indeed, most of these species consist of edgesharing octahedra with a distorted geometry that gives rise to Mo-O vibrations (stretching or bending modes) in the same region. In our case, the main difference that can be found between AHM (Fig. 2b ) and AlMo 6 ( Fig. 2d) is the almost complete absence of any vibration in the 565-575 cm -1 region for the former. The 565-575 cm -1 region is actually the only part of the spectrum that can be used as a true fingerprint of AlMo 6 since the latter is characterized by a fairly intense band at 573 cm -1 in the solid state and 565 cm -1 in the liquid state [22] . The absence of any band in the 565-575 cm -1 region in Fig. 2c for the freeze-dried Mo/Al 2 O 3 catalysts is thus a clear indication of the extremely low concentration of AlMo 6 (if any) for this catalyst. One could argue that a very weak hump centered at 560 cm -1 can be seen on Fig. 2c . However, it has to be noticed that this weak hump disappears after drying at 150°C in contrast to the aged Mo/Al 2 O 3 catalyst [22] . Moreover, the positions of the terminal Mo-O stretching modes closely match those observed for AHM. Hence, it can be concluded that this preparation route leads to an heptamolybdate-like species deposited on the alumina surface.
Conversely, all the bands of AlMo 6 are observed with a good resolution on the Raman spectrum of the aged Mo/Al 2 O 3 catalyst (Fig. 2e) . The characteristic Al-O band at 573 cm -1 is clearly observed, undoubtedly indicating that AlMo 6 is formed during incipient wetness impregnation of alumina with AHM. We showed previously that impregnation of alumina in aqueous phase leads to extensive alumina dissolution and consecutive formation of AlMo 6 through complexation of Mo VI with dissolved Al III [22, 33] .
Hence, results obtained with Raman spectroscopy converge to show that heptamolybdate-like species are deposited on the alumina surface for the freeze-dried Mo/Al 2 O 3 sample while AlMo 6 is formed via dissolution of alumina and deposited on the surface for the Mo/Al 2 O 3 aged sample. It has to be noted that these results can also easily be confirmed by XRD [22] .
EXAFS analysis
The FT of the EXAFS spectra for the aged and freeze-dried catalysts are shown in Fig. 3 . The first shell (Mo-O) will not be discussed since, as mentioned above, the spread of Mo-O distances in polymolybdates leads to inaccurate results with meaningless information. However, careful analysis of the second shell is more informative. It appears that the second shell (gray zone) for both catalysts is fairly different in intensity from that observed on AlMo 6 (Fig. 1a) and in shape from that of AHM (Fig. 1b) . Hence, a purely qualitative interpretation is not possible by simple comparison with reference spectra in contrast to Raman spectroscopy.
Quantitative data analysis was performed by fitting the second shell with Mo-Al and Mo-Mo pairs. The results of the curve fittings are shown on Fig. 3 and Table 1 . First, it appears that the maximum amplitude of the χ(k) function is lower for the freeze-dried catalyst (Fig. 3c , k max = 7.6 Å -1 ) than for the aged catalysts (Fig. 3d , k max = 9.7 Å -1 ), which implies different back-scatterers in the second shell or at least a different structure of the supported phase for both catalysts.
The best fit for the freeze-dried catalyst is obtained with both Al (N = 1.2) and Mo (N = 0.5) neighbors (Fig. 3c) . The introduction of Al atoms is essential for fitting the low k region in agreement with the fact that the χ(k) function peaks at a lower maximum (k max = 7.6 Å -1 ) than for AlMo 6 (Fig. 1c , k max = 10.8 Å -1 ), which has predominant contributions of Mo atoms in the second shell. This result suggests that Mo atoms are well dispersed (almost no Mo neighbors). Yet, this simple interpretation is X. CARRIER et al.
in disagreement with the Raman results that show high-frequency Mo-O bands (Fig. 2c) in the usual range of polymolybdates (Fig. 2b) . The observation of Al atoms also suggests the grafting (formation of Mo-O-Al bonds) of Mo species onto alumina with a Mo-Al distance (3.36 Å) in agreement with edge-shared octahedra as those found in AlMo 6 (3.30 Å).
The aged catalysts can be satisfactorily fitted with Mo neighbors only in agreement with the χ(k) function peaking at higher maximum than for the freeze-dried sample. A slight mismatch at low k (below 6 Å -1 ) may be explained by a small Mo-Al contribution. The maximum of amplitude (k max = 9.7 Å -1 ) is close to that of AlMo 6 (k max = 10.8 Å -1 ) and the Mo-Mo distance is equal to that found for this species. However, the Mo-Mo coordination number (N Mo-Mo = 1.3) is lower that that for AlMo 6 (2 Mo neighbors) and the Debye-Waller factor is higher. These results are also in disagreement with Raman data that convincingly showed the presence of AlMo 6 on the alumina surface for this catalyst.
Comparison of EXAFS and Raman
EXAFS data analysis gives Mo-Mo coordination numbers (below 1.3) that are much lower than those expected by Raman, which showed the presence of AHM-like species (theoretical N Mo-Mo = 3.4) for the freeze-dried catalysts or of AlMo 6 (theoretical N Mo-Mo = 2) for the aged catalysts. As a matter of fact, most of literature data agree on this point. Leliveld et al. [29] found a N Mo-Mo of 0.7 and 0.4 for noncalcined and calcined Mo/Al 2 O 3 catalysts with about the same Mo loading as the samples studied here, and Kisfaludi et al. [34] found a N Mo-Mo of 0.5 for a catalyst prepared by thermal spreading in presence of water vapor while Clausen et al. [28] and Shi et al. [35] did not observe any second shell for the same range of Mo loading. It is interesting to mention that the discrepancy between Raman and EXAFS results on alumina-supported Mo catalysts was already pointed out by Chiu et al. [36] who further proposed that "significant quantities of polymolybdates are not sampled by EXAFS spectra". This statement is probably restricted to alumina-supported Mo species since, for example, Plazenet et al. [30] found a very good agreement between Raman and EXAFS for the detection of AlMo 6 in zeolite-supported Mo catalysts. The latter result is also obtained on silica-alumina-supported samples as shown below.
The low coordination number observed on alumina may arise from a strong distorsion of polymolybdic species on alumina that leads to high static disorder, making a thorough analysis of oxidic precursors very difficult [27] . As a matter of fact, most of the literature data on Mo K-edge EXAFS focus on sulfided catalysts, which are less difficult to analyze since two shells (Mo-S and Mo-Mo) are usually observed with a single distance for each. However, even in this case, there is still a discrepancy between the MoS 2 crystallite size measured by EXAFS and transmission electron microscopy (TEM) [37] , which is explained by the structural disorder of the Mo sulfide particles. However, the low Mo-Mo coordination number may also be explained by the presence of a small amount of monomeric MoO 4 2-species that would not be detected by Raman spectroscopy. This example shows that both Raman and EXAFS can clearly benefit from each other. Raman spectroscopy helps to correct the Mo-Mo coordination numbers found in EXAFS, while EXAFS suggests the grafting of AHM-like species in the freeze-dried catalysts (Mo-O-Al bond), which would be very difficult to detect by Raman [15] .
Influence of moisture on the surface speciation of Mo supported on amorphous silica-alumina: A combined EXAFS-Raman study
Experimental details
A 5 Mo wt % catalyst was prepared by incipient wetness impregnation of ammonium heptamolybdate on a commercial (Grace-Davison) amorphous silica-alumina (ASA) containing 25 wt % alumina. The catalyst was then calcined at 500°C for 3 h. This catalyst was characterized through a combined EXAFS-Raman study at the LURE facility [38] . The EXAFS details are the same as above. A Raman spectrometer (Model HL5R of Kaiser Optical Systems) working at 785 nm was used with optical fibers for excitation by the laser and for collection of the scattered Raman signal. The sample was pressed into a self-supported pellet and introduced into a closed cell swept by a stream of water-saturated oxygen at room temperature. A geometry similar to conventional fluorescence X-ray absorption spectrometry (XAS) experiments was adopted for Raman signal detection. The sample-holder orientation was set to 45°with respect to incident X-rays in order to allow simultaneous recording of Raman and EXAFS spectra. Each Raman spectrum corresponds to an integration time of 10 s. In order to compare Mo-K edge EXAFS and Raman spectra in the same temporal frame, 200 Raman spectra were averaged while 4 EXAFS spectra were recorded. Each averaged spectrum was thus collected every 75 min up to 20 h of hydration, and a last spectrum was collected after 40 h of hydration.
Raman results
Raman spectra collected during room-temperature hydration of Mo/ASA are presented in Fig. 4A as a function of hydration time. The Raman spectrum of the sample before exposure to moisture exhibits the characteristic lines of MoO 3 at 816 and 993 cm -1 together with a broad band centered at ca. 947 cm -1 characteristic of surface isopolymolybdic entities (see above). It is important to stress that the relative band intensities for MoO 3 and the isopolymolybdic species do not reflect the relative amount of each phase. Indeed, the high Raman cross-section of MoO 3 makes this species a strong Raman scatterer, and the bands related to MoO 3 probably correspond to a small amount of oxide. Examination of Raman spectra obtained after exposure to moisture shows (i) a sharpening and an increase of the band at about 947 cm -1 and (ii) the appearance of a shoulder at 910 cm -1 along with a weak band at about 560 cm -1 . These bands clearly indicate the formation of AlMo 6 entities. At the same time, a decrease of intensity of the Raman bands assigned to MoO 3 is unequivocally observed. A plot of the ratio of the integrated band areas at 816 (MoO 3 ) and 947 cm -1 (polymolybdic species) confirms this observation (Fig. 5) . Hence, Raman results suggest that prolonged exposure of a calcined Mo/ASA catalyst to moisture leads to the nearly total disappearance of the MoO 3 phase at the expense of the formation of AlMo 6 .
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EXAFS results
EXAFS data collected simultaneously with Raman spectra discussed above are shown in Fig. 4B . The spectrum obtained on the calcined sample (before exposure to moisture) is qualitatively very similar to that obtained on alumina-supported samples (Figs. 3a, 3b) . Accordingly, the second sphere can be fitted with 1.6 Mo neighbors at a distance of 3.30 Å. In the course of rehydration, changes of the first and second coordination spheres around Mo are observed. A quantitative analysis of the second shell (Fig. 5) shows that the number of Mo neighbors steadily increases up to ca. 2.1 after 900 min of hydration (15 h) and levels off afterwards. These observations can be related to the structural changes observed with Raman (formation of AlMo 6 ) since the coordination number (N Mo-Mo = 2.1) as well as the Mo-Mo distance (average d Mo-Mo = 3.31 Å) obtained after reaching the plateau is in good agreement with that obtained on pure AlMo 6 ( Table 1) .
Comparison of EXAFS and Raman
XAS or Raman results would be very difficult to interpret separately. The mixture of MoO 3 and isopolymolybdic entities in the calcined sample cannot be revealed by EXAFS alone due to the very low amount of MoO 3 , while its high Raman cross-section allows its facile detection by Raman. The high
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CHARACTERIZATION OF NI 2+ COORDINATION SPHERE IN THE PREPARATION OF A Ni/Al 2 O 3 CATALYST: THE IMPORTANCE OF UV-VIS SPECTROSCOPY
Ni/Al 2 O 3 catalysts used in hydrogenation processes are usually prepared by incipient wetness impregnation of alumina with an aqueous solution of Ni(II) nitrate. However, thermal treatments applied to the wet system in order to eliminate water and NO 3 -ions trigger the progressive migration of Ni 2+ ions into the alumina lattice, where they are lost for reduction by hydrogen if the aim is to form Ni 0 metal particles [39, 40] . To avoid this problem, chelating diamines have been introduced in the impregnating solution as ligands to Ni 2+ , leading to complexes whose nature can be investigated by UV-vis spectroscopy; thanks to the stability of the chelates formed, the moment when the nickel cation associates with the support surface (i.e., grafts on it) is delayed [41] . Moreover, diamines and nitrates can decompose by reacting one with the other in an inert gas atmosphere; it is thus not necessary to use air for the thermal treatment, in which the formation of nickel aluminate is unavoidable. Finally, Ni 0 metal particles can be obtained directly during thermal treatment in inert gas, provided that some hydrogen is subsequently released upon diamines decomposition. This is what happens with acyclic diamines such as cyclohexanediamine; but their complexes with Ni(II) are not very soluble, which is a problem to prepare catalysts with high nickel content. On the other hand, thermal oxidation by nitrates of the more soluble Ni(II) complexes containing 2 equiv of ethylenediamine (NH 2 CH 2 CH 2 NH 2 , en) is complete, so that no hydrogen is released; it is not possible to obtain Ni 0 particles by this method.
Experimental details
It was thus decided to impregnate alumina with an aqueous solution containing the nitrate of a complex richer in ethylenediamine, [Ni(en) 3 ] 2+ [42] . The precursor salt [Ni(en) 3 ](NO 3 ) 2 was synthesized by addition of 3 equiv of en in a solution of Ni(II) nitrate, followed by evaporation of water and recrystallization; the impregnation solution was subsequently prepared by dissolution in water of the precursor salt at a concentration chosen to reach a nickel content of 1.5 wt % in the final Ni 0 /Al 2 O 3 catalyst (0.38 mol L -1 ) (for more details concerning the preparation, see [41] ). The wet system was dried in air in a static oven up to 100°C and thermally treated in a helium atmosphere up to 500°C (heating rate: 7.5°C min -1 , flow rate: 50 mL min -1 , 1 h at 500°C). The solid obtained after that thermal treatment was studied by temperature-programmed reduction (TPR) (5 % H 2 in Ar (25 mL min -1 ), hydrogen consumption measured using a thermal conductivity detector, from room temperature to 1000°C with a heating rate of 7.5°C min -1 ). It showed that 50 % of the nickel could still be reduced by hydrogen at 500°C. In other words, only 50 % of the nickel were still present as ions on the alumina surface. In contrast with the experiment carried out with 2 equiv of en ligands, some reduction had occurred during thermal treatment.
Another experiment was carried out following the same procedure, except that the pH of the impregnating solution was raised from 8.5 to 11 by addition of concentrated NH 3 . After thermal treatment in helium, the reduction degree was even higher, since only 30 % of the nickel were still present as ions.
Characterization of the Ni 2+ coordination sphere with UV-vis spectroscopy
In order to understand the differences between the two experiments, the transformations of Ni 2+ coordination sphere during the catalyst preparation have been studied by use of in situ UV-vis spectroscopy. Spectra were recorded with a resolution of 1 nm in the reflectance mode on a Cary 5 spectrometer (Varian) equipped with a high-temperature environmental cell (Spectratech) and using BaSO 4 powder as reference.
Ni 2+ complexes exhibit three transitions in the UV-vis region: in octahedral symmetry, 3 A 2g → 3 T 1g (P), 3 A 2g → 3 T 1g (F), and 3 A 2g → 3 T 2g , ranked by decreasing energy (or increasing wavelength). Their position depends primarily on symmetry: the crystal field is lower for tetrahedral complexes than for octahedral complexes, hence a strong bathochromic shift when the symmetry changes from O h to T d . In a given symmetry, it also depends on the strength of the crystal field generated by the ligands: the lower the average field generated by the ligands, the lower the energy absorbed and the higher the wavelength. σ-Donor amine groups -NH 2 generate a stronger crystal field than σ-donor H 2 O, itself generating a stronger field than σ-and π-donor oxide anions from alumina surface.
After drying at 20°C, the two samples prepared from [Ni(en) 3 ](NO 3 ) 2 solutions at different pH give the expected absorptions for [Ni(en) 3 ] 2+ (Fig. 6) . During drying at higher temperatures (70 and 100°C) and subsequent thermal treatment in helium between 100 and 200°C, the bands observed for the sample prepared without addition of NH 3 shift considerably to higher wavelengths. It can also be seen that the 3 A 2g → 3 T 1g (F) band around 600 nm is split into several components in the 140-180°C range, indicating that various species coexist on the surface or that the symmetry of the initially octahedral complexes is distorted. , and in which each en ligand is bonded to nickel by one end only, the protonated end interacting with the alumina surface (Fig. 7) . This means that during the heating steps, a major fraction of nickel complexes has released 1 equiv of en and grafted onto the support surface, before the two ligands still bonded to Ni 2+ start interacting with alumina. Elemental analysis shows that 0.5 equiv of en ligand per Ni 2+ ion remains deposited as such on alumina at 230°C; it is likely that this fraction of ligands plays a role in the fact that hydrogen is subsequently produced.
The answer about this role is given by the study of the sample prepared with the solution at pH 11. The spectrum of the complex obtained after thermal treatment at 230°C is not that of [Ni(enH + ) 2 (Fig. 7) [41] . In that case, 1 equiv of en has also dissociated from Ni 2+ , but the four ends of the two other en ligands remain bonded to Ni(II). Since this correlates with a higher degree of nickel reduction, coming from a higher release of hydrogen, we can assume that the active hydrogen is the one produced by dehydrogenation of the coordinated -CH 2 NH 2 ends. The reason why coordinated diamines are able to release hydrogen, unlike when 2 equiv of ligands are used, comes from the fact that nitrates are diverted from oxidizing the coordinated ligands by scavenging the diamines de- posited on the alumina surface. In situ UV-vis spectroscopy not only allows identifying supported species that would not be stable in ambient conditions, but also gives hints into possible mechanisms that account for the final state of the catalyst.
QUANTITATIVE CHARACTERIZATION OF COBALT SPECIATION IN A Co 2+ /ZSM5 CATALYST: A CROSS-INVESTIGATION USING XRD, TPR, AND XANES
UV-vis spectroscopy is of less interest when one of the species present in the catalytic system dominates the absorption spectrum and makes the detection of other species impossible. This is the case of black Co 3 O 4 , as seen here for a Co 2+ /zeolite ZSM5 catalyst prepared by solid-state exchange in stoichiometric conditions, from cobalt chloride and H-ZSM5 (Co/H = Co/Al = 0.5, final Co wt % = 1.6) [43] . The aim of the synthesis is to substitute two protons from the zeolite by one Co 2+ ion in order to obtain isolated cations inside the channels, that could act as active sites for, e.g., hydrocarbons ammoxidation reactions [44] . But cobalt speciation on heterogeneous catalysts depends much on the preparation conditions [45] , and it is likely that various species coexist on the surface and need to be quantified separately.
Experimental details
This catalyst was synthesized as follows [46] : the solid-state exchange was performed from a mixture of the precursor salt and of the zeolite (Si/Al = 26) as powders, up to 500°C (heating rate: 2°C min -1 , flow rate: 25 mL min -1 ) and overnight at that temperature. The resulting solid was washed three times in order to eliminate weakly interacting cobalt species, dried at 120°C in a static oven, and finally heated in oxygen up to 500°C for a brief calcination treatment (heating rate: 5°C min -1 , flow rate: 25 mL min -1 ) as a way to eliminate adsorbed water.
Surface speciation with XRD and TPR
The presence of Co 3 O 4 in the catalyst is revealed on the X-ray diffractogram (Fig. 8a) by its most intense peak corresponding to the (311) reflection, among the reflections given by the zeolite lattice (Siemens D500 diffractometer, using Cu Kα radiation (1.5418 Å)). XRD provides information about the existence of crystalline domains, but is silent on the nature of dispersed or less organized species.
Since the electron absorption spectrum shows mostly broad bands given by cobalt oxide, other techniques must be used to identify the dispersed species.
As a routine technique, TPR allows us to rank the various types of oxidic or ionic species according to their lower or higher reactivity toward hydrogen during a temperature ramp. Bulk-like Co 3 O 4 particles are reduced in the lower temperature range (340°C here, Fig. 8b ), at the temperature of reduction of the unsupported oxide, while dispersed species are reduced in the higher temperature range. Precisely, a reduction peak is detected at 640°C: it is attributed in the literature to cobalt oxidic species of low nuclearity inside the zeolite, and that we will note (CoO x ) n following [47] . However, the use of TPR for the characterization of such systems is limited by three factors:
• Some smaller peaks such as the one seen around 500°C cannot be ascribed to one species with certainty.
•
The integration of the peaks leads to the consumption in hydrogen, but one should know the stoichiometry of reduction of the cobalt species by H 2 to Co 0 to be able to quantify them; the mean oxidation state of cobalt in Co 3 O 4 is known, but can be questioned in (CoO x ) n . • Finally, isolated Co 2+ ions inside the zeolite are not reduced below 950°C [48] , and TPR does not allow one to quantify them; integration of the peaks detected below 950°C shows that at best only 39 % of the cobalt species have been reduced, meaning that TPR is silent about the majority of the cobalt species.
Quantification of different Co species: XANES spectroscopy
In spite of its easy implementation, TPR cannot be trusted alone for a quantitative study of cobalt speciation in this catalyst. A technique based on absorption-to take advantage of the proportionality between absorbance and concentration-and sensitive to all cobalt atoms is necessary for a cross-investigation: this choice technique is XAS that we use in transmission at the Co K edge, limited to the near-edge zone (XANES). XANES-normalized spectra presented on Fig. 8c have been recorded in transmission at the LURE (Orsay) on line D42 in ambient conditions (Si(311) monochromator, energies were scanned in 0.3 eV steps from 7680 to 7830 eV). A comparison between the catalyst spectrum and those of two references (Co 2+ ions/ZSM5 prepared by liquid ion exchange from cobalt nitrate, and Co 3 O 4 ) shows that the main contribution in the catalyst comes from Co 2+ ions, whether in oligomeric species or isolated. However, the catalyst spectrum is slightly shifted toward higher energies compared with that of the Co 2+ reference, which indicates a higher average oxidation state of cobalt due to the presence of Co 3 O 4 as a minor compound. Figure 8d shows the good agreement reached by a simulation based on a linear combination of the reference spectra with the experimental spectrum. According to this simulation, the catalyst contains 86 molar % of Co 2+ ions, the 14 % remaining being located inside Co 3 O 4 particles. A comparison of this result with the quantification obtained from TPR peaks integration leads to the conclusion that only the first H 2 consumption peak must be ascribed to the reduction of cobalt in mixed-valence oxide Co 3 O 4 , i.e., in the bulk-like particles detected by XRD (corresponding indeed to 16 % of the total cobalt if a H 2 /Co = 1.33 stoichiometry is used for calculations). Cobalt in the more dispersed species (CoO x ) n revealed by the reduction peak at 640°C should contain only Co 2+ ions and be named (CoO) n . They represent 23 % of total cobalt, while exchanged isolated Co 2+ cations, which were the sought-for active species, but about which TPR was silent, amount to 63 % of total cobalt. All three techniques were necessary to identify and quantify the three types of cobalt-containing species present in the catalyst.
CONCLUSION
Selected systems of practical catalytic importance (alumina-supported Mo and Ni catalysts as well as Co 2+ /ZSM5) have been chosen in this contribution in order to show the importance, benefit, but also limitations of spectroscopic and physical techniques commonly used for the characterization of catalyst preparation (Raman, XANES-EXAFS, UV-vis, TPR and XRD).
The characterization of alumina-supported Mo catalysts aims at showing the complementary nature of EXAFS and Raman, which are both molecular-scale spectroscopies. It is shown that while both techniques have similar potentials in determining the state of a given element (coordination number, oxidation state as well as dispersion), a major improvement may be achieved by combining their results. In line with this, an example of a combined use (i.e., simultaneously, on the same materials, in the same Physical techniques and catalyst preparationenvironment) of EXAFS and Raman is given for Mo supported on silica-alumina supports. Raman is much more sensitive than EXAFS toward slight changes in Mo speciation, while EXAFS makes a more quantitative analysis possible, both on dry and wet interfaces.
In situ UV-vis spectroscopy is shown to be very well suited for a thorough description of Ni(II) speciation during thermal activation of alumina-supported Ni catalysts. A detailed analysis of the band positions allows one to follow the fate of the inorganic (Ni(II)) and organic (ethylenediamine) partners of the catalyst precursor, [Ni(en) 3 ] 2+ , leading to the understanding of reduction processes occurring in an inert atmosphere. At last, the benefit of combining XRD, TPR (a routine, but hardly quantitative, technique) with XANES (much less accessible but fully quantitative) is pointed out.
This selection of examples shows that a true molecular-scale understanding of catalyst preparation (a definite prerequisite for a rational catalyst design) can only be achieved through combination of several characterization techniques adapted to the metallic precursor studied.
